Summary Apoptosis and subsequent phagocytosis are two essential components of the surveillance process that is responsible for removing unwanted or damaged cells without inflammation. During phagocytosis, the exposure of phosphatidylserine (PS) on the cell surface is known to serve as a recognizable ligand (an "eat-me" signal) for macrophage receptors. A growing body of evidence suggests that reactive oxygen species (ROS) are generated during apoptosis triggered by a variety of stimuli and are involved in the initiation and execution of apoptosis. Recent studies have focused on a potential role of ROS and subsequent oxidative stress in signal transduction rather than being a trivial trigger of cell damage and apoptosis. A new concept has been proposed in which it is hypothesized that the selective oxidation of PS during execution of the (intrinsic) apoptotic program may serve as an important signal for the externalization of PS, which may then participate in fine-tuning of clearance of apoptotic cells by phagocytes. This hypothesis is discussed in the present review, along with, the molecular mechanisms underlying preferential PS oxidation and its association with redox catalysis by the cytochrome c released from mitochondria into the cytosol.
Introduction
Apoptosis, also known as programmed cell death, is a physiological process that is indispensable to a number of vital functions, such as the morphological shaping of tissues during development [1] , the homeostasis of mature tissues [2] , and regulation of the immune system [3] . Not surprisingly, apoptosis is conserved evolutionarily and shares common pathways between nematodes and mammals [1, 4] . Many disease conditions causing pathological cell death (including non-steroidal anti-inflammatory drugmediated gastric mucosal cell death) also utilize the apoptotic death program [5] [6] [7] . Apoptosis develops in an orchestrated manner, inducing characteristic morphological changes including cell shrinkage, membrane blebbing, chromatin condensation and DNA fragmentation [8, 9] . Importantly, apoptotic cells and cell corpses are effectively eliminated by phagocytes that prevent the leakage of genotoxic contents into the surrounding milieu and limit the dangerous propagation of the inflammatory response that is typical of necrosis [8, 10] . Therefore, the rec-*To whom correspondence should be addressed . ognition and engulfment of apoptotic cells by phagocytes, including macrophages, represent crucial steps in accomplishing apoptosis in vivo. To fulfill this important function successfully, the phagocytes require the presence of a recognizable "eat-me" signal on the surface of apoptotic cells. Recent studies have established that a negatively charged phospholipid molecule, phosphatidylserine (PS), plays this role through its transbilayer migration from the cytosolic leaflet of the plasma membrane (where it is predominantly localized in normal cells) to the outer leaflet of the plasma membrane during apoptosis [11] [12] [13] . While the generation of reactive oxygen species (ROS) and subsequent oxidative stress are commonly involved in the initiation phase of apoptosis [14, 15] , they may also be required for the execution of the intrinsic apoptotic programs that are realized via mitochondrial disruption [16, 17] . Mitochondrial permeability transition and the departure of cytochrome c (cyt c), the hallmarks of apoptosis, are associated with excessive ROS generation and subsequent oxidative stress [18] . Generally speaking, ROS themselves do not have any biological specificity, and it is still unknown whether there is any specialized mechanistic role for ROS in the execution and/or resolution of the apoptotic program. However, interactions between ROS and vital biomolecules, mediated by intracellular redox-catalysts, may yield biologically specific outcomes. We have developed and used successfully a novel technology for the quantitative assessment of oxidative stress in different classes of membrane phospholipids in live cells [19] . This gave us an unsurpassed tool and opportunity with which to establish that the apoptosis induced by various pro-oxidant stimuli in a number of different cell types is accompanied by the preferential oxidation of PS [20] [21] [22] [23] [24] [25] [26] [27] . Based on these findings, we hypothesized that despite a lack of biological specificity, generation of ROS and their interactions with cyt c could result in the selective oxidation of PS on the cytoplasMic leaflet of the plasma membrane during apoptosis. Subsequently, oxidized PS (PSox) may participate in a cascade of mechanisms leading to the externalization of PS and PSox, culminating in the effective recognition of apoptotic cell surfaces by macrophage receptors.
Asymmetric Distribution of Phospholipids in Plasma Membranes, and Its Disruption during Apoptosis
Bretscher [28] first postulated the concept of "phospholipid asymmetry ," in which it is suggested that the phospholipid classes are distributed nonrandomly across the membrane. Indeed, in normal cells the inner and outer leaflets of the plasma membrane have different phospholipid compositions [29] . The choline-containing phospholipids, phosphatidylcholine (PC) and sphingomyelin (SM), reside predominantly in the outer leaflet of the plasma membrane, whereas the aminophospholipids, PS and, to a lesser extent, phosphatidylethanolamine (PE), are confined to the inner leaflet [29, 30] . Phospholipids undergo relatively rapid lateral diffusion, but move much more slowly across the membrane lipid bilayer because the transbilayer transfer of hydrophilic (or charged) polar head groups of phospholipids across the hydrophobic core of the membrane is energetically unfavorable. Therefore, facilitation of the transmembrane migration of phospholipids ("flip-flop") requires protein carrier(s). Recently, at least three phospholipid transporters have been identified [reviewed in [30] [31] [32] . These specific membrane proteins promote the transverse movement of specific lipids from one layer to the other, resulting in the maintenance of phospholipids asymmetry across biomembranes. An ATP-dependent transporter that is specific for aminophospholipids, with a preference for PS over PE, catalyzes the inward translocation of aminophospholipids and is referred to as an aminophospholipid translocase (APT) [33, 34] . Suppression of APT activity by vanadate and AlF4-indicates that this transporter belongs to the family of P-type ATPases [35] . Increases in intracellular Ca2+ also inhibit APT [35] . Moreover, APT is redox sensitive and is inhibited by cysteine modification [33, 36] . The second transporter (termed "floppase") is an outward-directed one, with little selectivity for the polar head group of the phospholipid. Floppases catalyze the efflux of lipids from the inner to the outer monolayer in an ATP-dependent-manner.
Floppases including Pglycoprotein (which are involved in the process of multidrug resistance, MDR) and MDR-related protein subfamilies are also responsible for the MDR property of some cancer cells. These proteins are members of ATP-binding cassette transporters (ABC transporters) and function to expel amphiphilic xenobiotics from the cells [reviewed in 37] . The third lipid transporter, referred to as "phospholipid scramblase" (PLS), mixes phospholipids bi-directionally and ATP-independently between the two layers. While a 37-kDa protein with these properties has been isolated from erythrocyte membranes [38] , the identity of PLS has not yet been firmly established. An increase in the intracellular Ca2+ concentration is an essential requisite for the onset of phospholipids scrambling, and there is no specificity with respect to the type of phospholipids involved. Interplay between these lipid transporters can govern either the maintenance of phospholipids asymmetry in normal cells or their equilibration in damaged and apoptotic cells.
Exposure of PS on the cell surface during apoptosis seems to be associated with the inhibition of APT and, to some extent, with the activation of PLS in the plasma membrane. Bratton et al. [39] reported that loss of APT activity is insufficient for PS externalization during apoptosis and Ca2+-mediated nonspecific flip-flop of phospholipids, probably via PLS activation, is required. According to Zhao et al. [40] , the extent to which PS moves to the cell surface in response to elevation of intracellular Ca2+ concentration depends on the PLS content of the plasma membrane. This group has shown that Raji cells, which exhibit a low level of endogenous PLS expression, obtain the capacity to mobilize PS to the plasma membrane outer leaflet upon transfection with PLS cDNA. In contrast, Fadeel et al. [41] have found that there was no correlation between the level of PLS expression and the ability to expose PS during apoptosis. Raji cells with overexpressed PLS still failed to expose PS upon Fas stimulation, suggesting that PLS is not the sole determinant of PS exposure during apoptosis [41] . The contribution of ABC transporter(s) to PS externalization has been poorly described, with the notable exception of ABC1, the prototype of the A subclass of mammalian ABC transporters [42] . Recently, it has been reported that an ABC1 blocker, glyburide, and an inhibitor of several ABC transporters, oligomycin, suppress Ca2+-induced PS exposure to the cell surface [43] . In addition, it has been shown that loss or gain of function of ABC1 perturbs the Ca2+-induced transbilayer movement of PS, but not PC, indicating that part of PS externalization in the presence of cytosolic Ca2+ may be associated with ABC1-dependent selective outward transport [44] . Overall, APT inhibition is believed to be responsible predominantly for the loss of plasma membrane PS asymmetry during apoptosis.
Quantitative Assay for the Oxidation of Different Classes of Phospholipids in Live Cells
The redistribution of plasma membrane aminophospholipids, in particular PS, during apoptosis and apoptosis-associated oxidative stress suggest that there is a causal link between these events and that membrane phospholipids undergo oxidation during apoptosis. While the relationships between oxidative stress and apoptosis have been studied in a number of laboratories, the specific question of peroxidation of phospholipids during apoptosis remains poorly attended. This is largely because quantitative assays for the oxidation of different classes of phospholipids are not readily available. One major reason for this is the existence of a very effective system of remodeling and repair of oxidatively modified phospholipids [19] , which interferes with the accurate measurements of their oxidation.
To characterize phospholipid oxidation during oxidative-stress-induced apoptosis, we have developed a protocol based on the metabolic labeling of cellular phospholipids with a naturally occurring oxidation-sensitive and highly fluorescent polyunsaturated fatty acid, cis-parinaric acid (PnA; Fig. 1A ). PnA has been used extensively in its free (non-esterified) form for structural measurements in membranes as well as in assays of oxidative stress in simple model systems [45, 46] . Metabolic labeling yields cells containing the major phospholipid classes [PC, PE, PS, phosphatidylinositol (PI), diphosphatidylgycerol (DPG), and SM] that are fluorescently labeled with PnA, and extremely low intracellular concentrations of free PnA [19] (Fig. 1B) . Since free PnA is not available for phospholipid repair, resolution of the major phospholipid classes by high-performance liquid chromatography (HPLC) with fluorimetric detection can be used to quantify the oxidative damage (as a decreased content of fluorescent PnA residues in respective phospholipid classes, due to oxidation-induced loss of PnA fluorescence). The level of PnA-labeling of endogenous phospholipids on cell viability and function, yet it is sufficient to permit the quantitative detection of oxidative stress [19] . Importantly, the PnA-based assay can identify the selectivity of phospholipid oxidation based on their polar head groups, and it is independent of the fatty acid composition of oxidized phospholipids [ 19, 47] . Therefore, the protocol can be very useful for the quantitative analysis of peroxidation in different classes of phospholipids.
Preferential Oxidation of PS during OxidantInduced Apoptosis
Using the PnA-labeling protocol, we assessed phospholipid peroxidation in a number of different cell lines during apoptosis caused by a variety of stimuli. In our initial studies, we used models of oxidant-induced apoptosis and found that different classes of phospholipids were non-randomly oxidized (Table 1) . PS underwent more pronounced oxidation than other more abundant phospholipids (PC, PE, and SM) in apoptosis induced by oxidants such as organic hydroperoxides [25] , paraquat [22, 23] , and azo-initiators of peroxyl radicals [20, 21] . This selective oxidation of PS was only observed in cells undergoing oxidant-induced apoptosis, but was not detected in liposomes preparedfrom PnAlabeled phospholipids extracted from the same type of cells and exposed to the same oxidant [25] . Interestingly, a vitamin E homologue 2,2,5,7,8-pentamethyl-6-hydroxy-chromane (PMC), which is a very effective radical scavenger, was able to completely protect all phospholipids against the oxidation induced by a lipophilic azo-initiator of radicals, 2,2'-azobis (2,4-dimethylisovaleronitrile) (AMVN), in HL-60 cells, with the remarkable exception of PS [20] . Furthermore, PMC failed to protect HL-60 cells against apoptosis following treatment with AMVN (Table 1) . Overall, there was a strong correlation between PS peroxidation and its externalization during apoptosis.
We further established that the temporal sequence of PS oxidation and its externalization on the cell surface is compatible with a causal link between these two events. The preferential PS oxidation preceded or coincided with a series of apoptotic events including PS externalization and caspase-3 activation. We also determined whether significant PS oxidation in fact occurred in the plasma membrane where PS translocation events during apoptosis are known to take place. We performed subcellular fractionation experiments in PnA-labeled cells challenged with tert-butyl hydroperoxide (t-BuOOH) and found that the highest rate of PS oxidation was detected in the plasma membrane as compared to other organelles such as mitochondria, nuclei, lysosomes, and microsomes [48] .
Finally, the causative link between PS oxidation HL-60, human leukemia cell line; dHL-60, human leukemia cells differentiated by dimethylsulfoxide; NHEK, normal human epidermal keratinocytes; PC12, rat pheochromocytoma cells; A-549, human pulmonary adenocarcinoma cell line; NCI-H226, squamous non-small cell lung cancer cell line; 32D, murine hematopoietic progenitor cells; Jurkat, Jurkat leukemic T-cell line; ANIVN, 2,2'-azobis (2,4-dimethylisovaleronitrile); NCS, neocarzinostatin; HP100, HL-60 derived H2O2-resistant cell line. and oxidant-induced apoptosis was demonstrated clearly by experiments with dimethylsulphoxide (DMSO)-differentiated HL-60 cells with high inducible NADPH oxidase activity [24] . Activation of the NADPH oxidase by phorbol myristate acetate (PMA) or zymosan caused massive production of superoxide and hydrogen peroxide (H2O2), and the intracellular glutathione (GSH) depletion associated with oxidation of essentially all major phospholipids such as PC, PE, and PS. PMA treatment also induced apoptosis in these cells, as assessed by PS exposure, caspase-3 activation, chromatin condensation, and nuclear and DNA fragmentation. All these effects were suppressed by the inhibitors of NADPH oxidase, diphenylene iodonium (DPI) or staurosporine (STS). Remarkably, the pan-caspase inhibitor, zVAD-fmk, was able to significantly protect PS against PMA-(or zymosan-) induced oxidation, while oxidation of other phospholipids was insensitive to the inhibitor.
Selective PS Oxidation and Externalization during Non-Oxidant-Induced Apoptosis
The association of PS oxidation with its externalization during oxidant-induced apoptosis is obscured by high and non-specific background oxidation. Therefore, we have evaluated several models of nonoxidant-induced apoptosis to avoid the confounding effects of non-specific oxidation, and revealed that PS was selectively oxidized as compared to other more abundant phospholipids (Table 1) . For instance, downregulation of bcl-2 gene expression in the squamous non-small-cell lung cancer line NCI-H226, using a synthetic antisense-bcl-2 oligonucleotide resulted in the selective oxidation of PS in the sub-population of cells with externalized PS. There were no significant differences in oxidation of PnAlabeled PE and PC in cells after treatment with nonsense or antisense-bcl-2 oligonucleotides [49] . In another case, Fas triggering of Jurkat T lymphocytes resulted in oxidative stress with specific PS oxidation and externalization, whereas Raji cells that failed to externalize PS did not undergo any PS oxidation [50]. Finally, using STS, a protein kinase inhibitor that has no direct pro-oxidant activity, we were able to induce apoptosis in HL-60 cells, as evidenced by characteristic changes in nuclear morphology, caspase-3 activation, and, importantly, PS externalization [51] . PS exposure to the cell surface became evident 2 h after STS treatment of HL-60 cells, with a dramatic increase at later time points (Fig. 2) . The time course of changes in apoptotic cell number and caspase-3 activity in HL-60 cells following treatment with STS essentially exhibited the same pattern as PS externalization. In contrast, our assessment of oxidative stress did not reveal a uniform response to STS. The most abundant cytosolic thiol, GSH, did not show any significant oxidation during the 2-h period after treatment of cells with STS, and only underwent oxidation from 4 h onward after STS exposure (Fig. 2) . Similarly, oxidation of the most abundant membrane phospholipid, PC, was not detectable after 0.5-2.0 h of STS exposure (data not shown). Remarkable and significant PS oxidation was detected 2 h after STS treatment, although it was not detectable at earlier time points (Fig. 2) . As expected, STS-induced PS oxidation/externalization was accompanied by phagocytosis of apoptotic cells by J774A.1 macrophages (Fig. 3) . This preferential oxidation of PS (as compared to the more abundant PC) at early stages of STS-induced apoptosis raises questions about the potential catalytic mechanisms involved in this process. The Catalytic Role of Cytosolic Cyt c in PS Oxidation
We have put forward the hypothesis that release of cyt c from mitochondria into the cytosol may facilitate its electrostatic interactions with PS, resulting in the oxidation of the latter [52] . This catalytic process requires that ROS (O2-and H2O2) are produced in excess by disrupted mitochondrial electron transport [18, 53] . As shown in Fig. 2 , we found that relatively small, but significantly increased amounts of cyt c were detectable in the cytosol of HL-60 cells 2 h after STS exposure-at the time when PS oxidation was observed. These results suggest that small amounts of cyt c in the cytosol are quite sufficient for catalytic PS peroxidation. Indeed, these low concentrations of cyt c in the cytosol are inadequate for GSH or PC oxidation, implying that specific mechanisms may be involved in PS oxidation.
A potential mechanism underlying preferential PS oxidation relies on the specific interactions between the cyt c released from mitochondria into the cytosol during apoptosis, and PS in the cytosolic leaflet of the plasma membrane. In the mitochondrial intermembrane space, cyt c is sequestered by its strong binding with cardiolipin [54] . It has been established that cyt c, once released from the mitochondria during apoptosis, together with apoptotic protease-activating factor-1, dATP and cytosolic procaspase-9, forms a high-molecular-weight caspase-activating complex, termed the "apoptosome" [55] . The apoptosome processes and activates procaspase-9 as the initiator caspase, which in turn proteolytically activates downstream effector caspases, including caspase-3, to execute apoptosis [56] . This pro-apoptotic role of cyt c requires only infinitesimal amounts of cyt c [57] , and seems to be independent of its redox properties [58, 59] . This suggests that the relatively large quantities of cyt c released during apoptosis, particularly via intrinsic pathways, participate in some other parts of the apoptotic program. Indeed, an important catalytic role of released cyt c in oxidizing PS may originate from its heme moiety with redox-active iron [60, 61] .
Since cyt c has eight positively charged residues at pH 7.4 [62] , it can interact electrostatically with anionic membrane phospholipids, such as PS and cardiolipin [63, 64] . In fact, it has been demonstrated that cyt c effectively binds to model membranes that are composed of negatively charged PS residues [65] . This initial tethering of cyt c due to electrostatic interactions is further enhanced by a specific hydrophobic interaction that involves the insertion of the lipid acyl chain of PS in a hydrophobic channel present in the cyt c, yielding dramatic conformational changes in the latter [66] . It appears that cyt c is almost certainly released from mitochondria in an oxidized state (ferri-cyt c), but then changed rapidly to a reduced form (ferrocyt c) by a cellular redox-regulating system, especially that involving GSH [67] . Notably, cyt c undergoes conformational changes on reduction and oxidation [68] . Ferri-cyt c is less stable, and the energy of its unfolding is lower than that of ferro-cyt c [69] , suggesting that PS in the inner leaflet of the plasma membrane interacts preferentially with ferri-cyt c. Importantly, departure of cyt c from the mitochondria is accompanied by a massive production of H2O2, which may reverse ferro-cyt c to ferri-cyt c. Indeed, the generation of H2O2 during apoptosis is supported by the findings that exogenously added Cu/Zn-superoxide dismutase (SOD) and catalase effectively block PS oxidation/externalization during PMA-triggered apoptosis in DMSO-differentiated HL-60 cells [24] and in Jurkat cells stimulated by anti-Fas antibody [50] . Moreover, we observed that melphalan, an alkylating agent, induced PS oxidation/externalization with a series of apoptotic events such as caspase-3 activation and nuclear fragmentation in HL-60 cells, whereas HP100 cells overexpressing catalase derived from HL-60 cells were resistant to melphalan-triggered PS oxidation and PS externalization as well as apoptosis, suggesting that endogenous H2O2 is a key oxidant for PS oxidation during apoptosis (Matsura et al., unpublished observations). Ferri-cyt c has also been shown to catalyze H2O2-dependent membrane lipid peroxidation [62] . Thus, one may speculate that once released from the mitochondria, cyt c becomes re-oxidized by H2O2, binds to PS-rich lipid rafts on the inner surface of plasma membrane, and unfolds to expose its redox-active heme-iron moiety to phospholipids, particularly to PS. Consequently, PS may be more susceptible to cyt-c-catalyzed oxidation than other phospholipids classes during apoptosis.
Most importantly, interaction with PS changes the spin states of cyt c, and consequently its redox reactivity [66] . Therefore, in the presence of H2O2 or phospholipid (e. g., PS) hydroperoxides, cyt c can act as a peroxidase and catalyze oxidation of polyunsaturated phospholipids in its microenvironment, which happens to be predominantly PS. Since the interacVol.34, No. 1, 2003 tion between cyt c and anionic phospholipids, such as PS, bolsters the peroxidase activity of cyt c, thus enhancing its ability to oxidize PS, the accumulation of significant amounts of PS hydroperoxides is expected to occur in the vicinity of cyt c. These PS hydroperoxides can be utilized in the peroxidase reaction that is catalyzed by cyt c, hence perpetuating its redox-activity toward phospholipid (in particular PS) peroxidation. In cell-free model experiments, we used low-temperature electron paramagnetic resonance spectroscopy and demonstrated that activation of cyt c by H2O2 to produce its oxoferryl-species depends strongly on the presence of PS-containing liposomes [70] . Several findings support, although do not directly prove, this hypothesis.
When HL-60 cells are gently sonicated in the presence of excess of cyt c, resulting in its incorporation into the cells, preferential oxidation of PS (as compared to other intracellular PnA-labeled phospholipids) was observed upon the addition of exogenous t-BuOOH [48] . In addition, in cell-free model systems using liposomes, PS (as compared to PC) was preferentially oxidized by a cyt c/ascorbate/ H2O2-catalytic system [52] . We also used a novel peptide delivery system to disrupt mitochondria and release cyt c into the cytosol. We used DP1, a peptide composed of a protein transduction domain, PTD-5 (a 12-mer peptide sequence RRQRRTSKL-MKR from the M13 phage library), fused to an antimicrobial peptide "KLA" [(KLAKLAK)2]. PTD-5 is positively charged due to a high content of basic and is able to mediate the rapid and efficient transduction of conjugated proteins into cells both in vitro and in vivo [71] . KLA is designed to specifically target and disrupt bacterial cells, as well as mitochondria in eukaryotic cells [72, 73] . Accordingly, DP1 was able to preferentially disrupt mitochondria and induce the release of cyt c, but cause little damage to the plasma membrane and other organelles within cells. The DP1-induced rapid release of cyt c from mitochondria into the cytosol was accompanied by a pronounced increase in H2O2 production, preferential PS oxidation and PS exposure on the cell surface, and by enhanced recognition and phagocytosis of target cells by J774A.1 macrophages [70] . Taken together, these findings support strongly the notion that release of cyt c and its redox catalytic properties may be implicated in PS oxidation/externalization during apoptosis and the subsequent phagocytosis of apoptotic cells. [79] , and CD36 [77, 80] . More recently, Fadok et al. have cloned the PS-specific receptor (PSR), which is highly conserved throughout phylogeny [81] . These receptors on phagocytes recognize specific ligands on apoptotic cells [reviewed in [82] [83] [84] [85] . It has been suggested that macrophages from different tissue sites use distinct pathways for the clearance of apoptotic cells and that there is considerable functional redundancy in molecular pathways for phagocytic clearance. In other words, a back-up system to ensure apoptotic cell surveillance operates even in a single phagocyte [82] [83] [84] [85] . PS can bind to several of these receptors, although the binding affinity varies. CD14 is a glycosylphosphatidylinositol-anchored plasma membrane glycoprotein and macrophage-specific receptor that binds lipopolysaccharide [79] . CD14 may recognize PS with a lower affinity than PI [86] . Gas6 is a protein that is released from cultured vascular smooth muscle cells and serves as a ligand of receptor tyrosine kinases Axl, Sky, and Mer; it specifically binds to PS and promotes the uptake of apoptotic cells by linking Axl-expressing cells to the PScoated surfaces [87, 88] . Moreover, it has been reported recently that activated macrophages secrete a glycoprotein, milk fat globule-EGF factor 8, which binds to PS and, to a lesser extent, PE, but not to the macrophage surface, thus serving as a "molecular bridge" between the two cells [89] . Recently, additional bridging or adaptor proteins have been derived protein S [91] , that may realize their functions in phagocytosis via interactions with PS. Since apoptotic cells that do not express PS are poorly phagocytosed [50, 92] , it has been suggested that ligation of PSR on phagocytes stimulates the internalization of apoptotic cells that are tethered through other recognition receptors, and that PS-PSR inter-actions play a key regulatory role in dead cell clearance [85] .
Oxidatively modified ligands, through their interactions with one or more macrophage receptors, may act as additional signals that fine-tune effective recognition and phagocytosis of the apoptotic preys [93, 94] . In fact, many of the receptors implicated in the phagocytosis of apoptotic cells can strongly bind oxidation-specific epitopes including oxidized phospholipids [78, 93, 94] . In particular, oxidized PC species, prominent components of oxidized low-density lipoprotein (OxLDL), are essential for C-reactive-protein-mediated recognition of apoptotic cells and OxLDL by a scavenger receptor-dependent mechanism [95] . Recently, Podrez et al. [96, 97] [24, 50] . Moreover, non-apoptotic cells treated with liposomes containing both PSox and PS were more efficiently phagocytosed than cells treated with non-oxidized PS [50] . In addition, liposomes containing PSox acted as potent inhibitors of phagocytosis of anti-Fas-triggered Jurkat cells and tBuOOH-treated HL-60 cells [50] . Taken together, these findings indicate that PSox may act in combination with native PS as an important signal on the cell surface to facilitate the recognition of apoptotic cells. In other words, PSox is likely to enhance the clearance of apoptotic cells by phagocytes.
There are many questions that need to be addressed to further our understanding of the specific roles that PSox plays in the signaling for engulfment and digestion of apoptotic cells. For example, what is the fraction of PSox vs. PS on the cell surface during apoptosis? Which of the many PS oxidation products (e. g., hydroperoxides and aldehydemodified adducts) are most important as signaling entities? Can other oxidized phospholipids such as oxidized PC and PE (PCox and PEox, respectively), for example, synergistically interact with PS to facilitate the recognition of apoptotic cells? What are the actual concentrations of PCox, PEox, and other oxidized phospholipids as compared to PSox on the cell surface during apoptosis? How do antioxidants capable of blocking phospholipid oxidation (including that of PS) affect PS-dependent signaling pathways?
Another important question relates to the type of receptors involved in the recognition of PS and PSox. It seems likely that recognition of PS and PSox by macrophages involves different receptor(s). Indeed, we found that an anti-PSR antibody, but not an anti-CD-36 antibody, was able to inhibit the phagocytosis of Jurkat cells with PS integrated into their plasma membrane. In contrast, both the anti-PSR and anti-CD36 antibodies were effective in suppressing the phagocytosis of Jurkat cells enriched with both PS and PSox [48] ; the anti-CD36 antibody was also efficient in suppressing the engulfment of anti-Fas-triggered Jurkat cells, which display both PSox and non-oxidized PS on their surface [48] . These data serve to illustrate that CD36 and PSR may cooperate to recognize PSox. These observations suggest that the selective oxidation and externalization of PS in the plasma membrane of apoptotic cells create conditions whereby PSox on the external surface of the cell could act as a preferred ligand (or an "eat me" signal) for certain macrophage receptors, including scavenger receptors such as CD36, resulting in the recognition and removal of dying cells. Interestingly, our preliminary experiments indicate that PSox can reduce markedly the threshold for recognition of PS-containing cells by macrophages.
Conclusions
The oxidative stress associated with apoptosis results in the oxidation of PS in the cytoplasmic layer of the plasma membrane. This PS oxidation is closely related to its externalization and subsequent recognition and phagocytosis of apoptotic cells by macrophages. Furthermore, PSox acts as an additional signal that is effectively recognized by macrophage receptor(s). Cyt c released from mitochondria into the cytosol is likely to play the critical role of a redox catalyst in the oxidation of PS (Fig. 4) . Recent studies have demonstrated that several mitochondrial intermembrane proteins other than cyt c, such as apoptosis-inducing factor (AIF) [98, 99] and Smac/ DIABLO [100] are released into the cytosol during apoptosis. Although AIF has oxidoreductase activity that per se is not required for its apoptogenic function [101] , it is still unclear whether these mitochondrial factors, including AIF, also participate in the catalysis of PS oxidation. Since the interaction between externalized PS and its cognate macrophage receptor is indispensable for the effective clearance of apoptotic cells without a concomitant release of proinflammatory cytokines [82] , it is likely that the oxidation of PS during apoptosis is important for the successful resolution of inflammation.
